Recent advances in coronagraph technologies for exoplanet imaging have achieved contrasts close to 1e-10 at 4 λ/D and 1e-9 at 2 λ/D in monochromatic light. A remaining technological challenge is to achieve high contrast in broadband light; a challenge that is largely limited by chromaticity of the focal plane mask. The size of a star image scales linearly with wavelength. Focal plane masks are typically the same size at all wavelengths, and must be sized for the longest wavelength in the observational band to avoid starlight leakage. However, this oversized mask blocks useful discovery space from the shorter wavelengths.
INTRODUCTION
An important requirement for coronagraph systems is high performance in a broad spectral band, which conserves the photon flux of a faint exoplanet, and offers wide recognition of spectral features. The components of a coronagraph must be achromatic enough for a wavefront control system to be able to compensate for residual chromatic effects. Optical components in the pupil plane are often naturally achromatic, such as geometric remapping with PIAA [1] . However, achromatization of focal plane mask introduces two unique challenges, size chromaticity and complex amplitude chromaticity.
Size chromaticity can be described by the diffraction limited image size of the central star, which scales linearly with wavelength as shown in Figure 1 . Ideally, the size of the focal plane mask would also scale linearly with wavelength. Conventional focal plane masks have a fixed size, which is usually designed for the longest wavelength, therefore blocking potential planet detection space from the shorter wavelengths and increasing the inner working angle. The alternative is to allow light from longer wavelengths to pass the focal plane mask, therefore decreasing the contrast.
Dr. Ruslan Belikov at the NASA Ames Research Center developed a method to create focal plane masks with any desired phase and amplitude transmission using a diffractive optical filtering technique [2] . In section two, we describe a focal plane mask designed to solve the size chromaticity challenge. In section three, we analyze the theoretical performance of the achromatic mask compared with a conventional hard-edge opaque mask. In section four, we present laboratory results of the achromatic mask used with PIAA optics. In section five, we provide concluding remarks and discuss future work. Ideally, the size of the focal plane mask would also scale with wavelength. A hard-edge focal plane mask is normally sized for the longest wavelength, which blocks potential planet discovery space from the shorter wavelengths.
FOCAL PLANE MASK DESIGN
The achromatic focal plane mask was manufactured at the NASA Jet Propulsion Laboratory Microdevices Laboratory. The mask was made from PMGI (Poly methyl glutarimide) resist on Silicon with an Aluminum coating, which makes it entirely reflective. The mask was designed for an operating bandwidth of Δλ/λ = 20% in the visible spectrum (530nm to 636nm), and sized to match the focal plane PSF of the PIAA mirrors at the NASA Ames Coronagraph Experiment laboratory.
The mask design can be described in three annular regions as shown in Figure 2 . The inner region is sized to match the size of the diffraction limited star PSF at the shortest wavelength. All light in this region needs to be rejected from the system, so it consists of a cone or tilted mirror structure to geometrically reject light out of the system. Alternatively, the starlight that strikes the inner region may be used for wavefront control, and would thus be reflected towards a wavefront sensor. The outer edge of the mask is sized to match the diffraction limited image size at the longest wavelength. All light beyond the outer edge represents potential planet detection, so all light is allowed to pass. The annular region at the edge of the mask employs a diffractive optical filtering technique to effectively scale with wavelength.
Cells in the diffractive region of the mask apply a phase shift that is relative to their depth. The depth of adjacent cells is designed to provide an alternating 0π and 6π phase shift for the shortest wavelength, and a 0π and 5π phase shift for the longest wavelength. The Lyot stop forces interference between adjacent cells in the image plane. For the shortest wavelength, the interference is fully constructive, and the diffractive region is effectively fully transmissive. For the longest wavelength, the interference is fully destructive, and the diffractive region is effectively opaque. For all the midbandwidth wavelengths, the effective size of the mask scales with wavelength. 
PERFORMANCE
An achromatic mask provides significant performance improvement compared to a conventional hard-edge mask. Figure  6 shows the simulated off-axis throughput of the achromatic mask compared with a hard-edge mask. The hard-edge mask has a fixed size to match the PSF at the longest wavelength in the observation band, so the throughput curves are nearly identical. The effective size of the achromatic mask scales with wavelength, which allows for a smaller inner working angle and higher throughput at the shorter wavelengths. Compared with a hard-edge mask, the achromatic mask can have a broader observational band, improved inner working angle, improved contrast, reduction of required Offset between PSF and mask (microns) 200 00 telescope diameter and complexity, and increased science yield. Because of the simple design, the mask can be applied to almost any coronagraph without the need for other system changes. Figure 5 . A comparison of off-axis throughput for the achromatic mask compared with a hard-edge mask. The inner working angle, defined as the location closest to the mask with at least 50% throughput, scales with wavelength for the achromatic mask. The dashed and solid lines, representing short wavelengths in the achromatic mask, show the additional throughput and potential planet detection space that is gained with an achromatic mask.
LABORATORY RESULTS
The achromatic focal plane mask was tested at the NASA Ames Coronagraph Experiment laboratory testbed. The ACE lab uses two PIAA mirrors to produce an apodized PSF in the focal plane. A supercontinuum source with a tunable filter was used to produce the desired bandwidth within the mask design bandwidth. In one experiment shown in Figure 6 , the mask was kept in a fixed location centered at the PIAA PSF while the wavelength was adjusted from 530nm to 630nm in 10nm increments. For each wavelength we computed the average intensity as a function of radial distance from the center of the PSF. This computation is appropriate because the PSF and mask are both effectively radially symmetric. The output intensity from the source varies with wavelength, so each curve was normalized by its greatest intensity value. Every curve has a dark area in the center of the PSF caused by the mask, followed by a sharp intensity peak at the edge of the mask that approaches zero intensity at the edge of the PSF. A hard-edge mask would produce an intensity peak at the same location at the edge of the mask for every wavelength. The edge of the achromatic mask scales with wavelength, so the intensity curves shift away from the PSF center as wavelength increases. 
CONCLUSIONS AND FUTURE WORK
We have developed a focal plane mask for exoplanet imaging coronagraphy which utilizes diffractive optical patterns to effectively block a star PSF achromatically. The use of an achromatic mask, rather than a hard-edge mask, allows the size of the mask to scale with wavelength, thus recovering photons and potential planet detection space that would be lost with a hard-edge mask. With the initial testing presented in this paper, we have demonstrated the size-scaling property of the mask. To speed up measurement time, we did not utilize wavefront control or environment stabilization, both of which are features normally used in the ACE laboratory testbed. In future iterations of focal plane mask testing we plan to utilize all features of the ACE laboratory testbed to greatly improve results.
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